To analyze stress distribution in premolars restored with inlays or onlays using various materials. MATERIALS AND METHODS. Three-dimensional maxillary premolar models of abutments were designed to include the following: 1) inlay with O cavity (O group), 2) inlay with MO cavity (MO group), 3) inlay with MOD cavity (MOD group), and 4) onlay (ONLAY group). A restoration of each inlay or onlay cavity was simulated using gold alloy, e.max ceramic, or composite resin for restoration. To simulate masticatory forces, a total of 140 N static axial force was applied onto the tooth at the occlusal contact areas. A finite element analysis was performed to predict the magnitude and pattern of stresses generated by occlusal loading. RESULTS. Maximum von Mises stress values generated in the abutment teeth of the ONLAY group were ranged from 26.1 to 26.8 MPa, which were significantly lower than those of inlay groups . Maximum von Mises stresses generated with ceramic, gold, and composite restorations were 280.1, 269.9, and 286.6 MPa, respectively, in the MOD group. They were 252.2, 248.0, 255.1 MPa, respectively, in the ONLAY group. CONCLUSION. The onlay design (ONLAY group) protected tooth structures more effectively than inlay designs (O, MO, and MOD groups). However, stress magnitudes in restorations with various dental materials exhibited no significant difference among groups (O, MO, MOD, ONLAY). 
Stress distribution in premolars restored with inlays or onlays: 3D finite element analysis
INTRODUCTION
In restorative dentistry, inlays and onlays are frequently used as treatment options to restore missing tooth structure after removal of caries. Inlays can restore cavities inside the teeth. However, onlays can restore one or more cusps. It may completely cover the occlusal surface to obtain good stress distribution of the teeth. Compared to inlay, preparation of onlay requires additional tooth reduction. Vital teeth with conservative restorations are less susceptible to fracture than large restorations regardless of restorative material used. 1, 2 Reports on the strength of teeth after restoration using different designs are ambiguous. Stappert et al. 3 have reported that tooth-inlay complex has higher fracture resistance than tooth-onlay complex. However, Arnelund et al. 4 has reported that inlay restorations have higher failures rate than onlay restorations after a 5-year clinical evaluation. Controversy exists on the type of restoration that should be used to restore large defects to avoid fractures and improve survival rate. 5, 6 Gold alloy, composite resins, and dental ceramics are commonly used to restore inlay/onlay cavities of posterior teeth. When selecting materials for posterior restorations, clinicians need to take increasing patient expectations of aesthetic restorations and functionality into consideration. Gold restoration has been successfully used in dentistry for a long time. 7 However, ceramic and composite restorations in posterior teeth have substituted gold restorations under various dental situations. For restorative dental material, a prerequisite is its ability to withstand chewing forces in the oral environment. 8 Many dental researches have been conducted to find responses of restoration and restored tooth using various factors applied from outside, such as occlusal loading. Most studies on fracture mechanism in restored teeth are based on "in vivo" or "in vitro" experimental analyses. 4, [8] [9] [10] [11] Recently, finite element analysis (FEA) has been used in biomechanical researches of clinical situations and various areas of dentistry. [12] [13] [14] [15] [16] In fact, some dental and medical studies have been conducted on living subjects. They are costly and ethically skeptical. Using virtual models and simulations can help improve research results and reduce the cost of in vitro and in vivo experiments. 17 Up to date, inconsistent and conflicting results have been reported from studies investigating the effect of inlay or onlay cavity design and restorative materials on stress distribution in the tooth-restoration complex. [4] [5] [6] 10, 11, 18 The objective of this study was to compare stress distribution and maximum stress observed in various restorations and in tooth structures of maxillary second premolars using threedimensional FEA method. Various restorative materials with different mechanical properties (gold alloy, composite resins, and dental ceramics) were also compared in this study with each cavity design of inlay and onlay.
MATERIALS AND METHODS
Maxillary second premolar tooth model (D51DP-TRM, Nissan dental product Inc., Kyoto, Japan) was scanned using 3-D scanner (Freedom HD, DOF Inc., Seoul, Korea). Obtained surface contours and meshes were then imported into SolidWorks 2015 software (Dassault Systems Solid-Works Corp., Waltham, MA, USA). Three-dimensional solid model of the scanned tooth was generated by using a "SCANto3D" add-in module.
Interfacial surface between pulp chamber and dentin and interfacial surface between dentin and enamel were made by lofting technique of CAD program according to the anatomy of natural tooth (eHuman 3D Tooth Atlas 7.6, eHuman Inc., Fremont, CA, USA). After generating 3D volumes of enamel, dentin and pulp, Boolean operations were used to ensure congruence between relevant interfaces. For example, the dentin volume was generated by subtracting the pulp cavity volume. Next, the volume of dentin was subtracted to obtain a three-dimensional volume of enamel. All three-dimensional solid models of this study were derived from the three-dimensional solid model of intact maxillary second premolar. 17 Inlay and onlay models were made based on the threedimensional CAD model of intact maxillary premolar tooth. The following four 3D experimental models were designed and created: (1) O group (inlay with O cavity restored); (2) MO group (inlay with MO cavity restored); (3) MOD group (inlay with MOD cavity restored), and (4) ONLAY group (onlay restored). Shapes and dimensions of inlays and onlays were taken from the literature. 20 All inlay and onlay cavities had pulpal and axial walls with dentin thickness over the pulp for at least 1.0 mm while cervical walls of proximal boxes were located 1.0 mm above the cemento-enamel junction. Occlusal view of inlay cavity resembled a butterfly. The narrowest portion of the preparation was 0.9 mm faciolingually. It was located between buccal and lingual cusp tips. The cavity extended the full length of the occlusal groove, including mesial and distal pits with their radiating grooves. The pulpal wall was flat horizontally. The occlusocervical thickness of inlay was between 0.8 mm and 2.6 mm in the O group. In MO and MOD inlay cavity groups, cavity preparation was the same as that used for inlay with O cavity except that proximal boxes were extended proximally from the occlusal inlay cavity of the O group. The shape of the proximal box was on straight lines or planes with thickness of at least 0.6 mm. Onlay abutment was modified from the MOD inlay preparation. Occlusal surface was fully covered by onlay restoration with a thickness of approximately 1.0 mm in the ONLAY group (Fig. 1, Fig. 2 ).
In each group, the following three types of restorative materials were used: (1) gold alloy, (2) e.max ceramic, and (3) composite resin. Young's modulus of elasticity and the Poisson's ratio for the materials used in this study were obtained from previous studies. They are summarized in Table 1. 10-14 All materials were assumed to be linear, elastic, homogeneous and isotropic. Three-dimensional solid models were meshed with tetrahedral elements. The number of elements and nodes varies depending on the model (36,372 to 40,148 elements and 53,620 to 59,284 nodes). Fixed zerodisplacement and zero-rotation boundary conditions in all directions (X, Y, and Z) were assigned to nodes at the bottom of the tooth, preventing rigid body displacement for all models. To simulate biting forces, a total amount of 140 N 
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Stress distribution in premolars restored with inlays or onlays: 3D finite element analysis load was applied vertically onto the tooth at 7 occlusal contact points (3 palatal cusp points, 2 central fossa points, and each point on both marginal ridges) (Fig. 3) . A static FEA was performed to predict stress concentration produced by occlusal loading. Outputs of maximum von Misses stress, minimum principal (compressive), and maximum principal (tensile) stress values in the enamel, dentin, and restoration were evaluated separately.
RESULTS
The results of all structures were separated from the rest of the model to analyze the distribution and magnitude of stress in each component. For each group, maximum stresses on restorative material, enamel, and dentin were evaluated separately.
Regarding the effect of dental material, different restorative materials generated similar stress distribution patterns for all inlay groups when a total occlusal load of 140 N was applied onto functional cusp, marginal ridges, and central fossa. Composite resin generated the highest maximum von Mises stress, followed by ceramic and gold alloy, which showed the lowest value of maximum von Mises stress in restorations tested in this experiment. However, difference in maximum von Mises stress in the restorations with various restorative materials observed for the same cavity designs were small (1.4%, 0.2%, 5.8%, and 2.8% in the O, MO, MOD, and ONLAY groups, respectively).
Regarding the effect of cavity design, similar maximum von Mises stress values were found for restorations among experimental inlay and onlay groups. In general, stress intensity for both inlay and onlay cavity designs had the following order: MOD > O > MO > ONLAY. Maximum von Mises stresses generated in ceramic, gold, and composite restorations in the MOD group were 280.1, 269.9, and 286.6 Mpa, respectively. They were the highest. Maximum von Mises stresses generated in ceramic, gold, and composite restorations in the ONLAY group were 252.2, 248.0, 255.1 MPa, respectively. They were the lowest. The composite MOD group generated the highest stress in the restoration whereas the gold ONLAY group generated the lowest stress in the restoration (Fig. 4) .
When all restorative materials and cavity designs of inlays or onlays were compared, the maximum stress values generated in restorations were close to each other between inlay/ onlay designs or among the three tested dental materials with the same cavity design. In terms of stress location, high concentrations of von Mises stress on surfaces of restorations were found in the vicinity of occlusal contact surfaces where biting forces were applied (Fig. 5, Fig. 6, Fig. 7) . Similar stress distribution patterns in enamel and dentin were observed in all inlay models. High stress concentrations were found at the enamel surface near the lingual cusp tip and marginal ridges where axial occlusal forces were applied. Abutment teeth of the ONLAY group with occlusal surface completely covered by restorative material generated 10 times lower value of maximum von Mises stress than the teeth with inlay groups (O, MO, and MOD). Reduced gradient of stress concentration was also found in the abutment tooth (Fig. 6, Fig. 7) .
In terms of the highest stress values, differences in von
Mises stress in the enamel with various restorative materials but the same cavity design were 0.2%, 0.1%, 5.9%, and 2.6% in the O, MO, MOD, and ONLAY groups, respectively. The gold MO group produced the highest von Mises stress (53.8 MPa) in the dentin, while the composite MOD group generated the highest von Mises stress (298.8 MPa) in the enamel when occlusal load was applied (Fig. 8) .
The maximum values of von Mises stress in abutment teeth in the ONLAY group were 26.1 to 26.8 MPa, which were significantly lower than those in inlay groups MPa). The maximum compressive stress values in abutment teeth of the ONLAY group were between 21.1 and 26.1 MPa, while those of inlay groups (O, MO, and MOD) were between 341.0 and 388.8 MPa. The maximum tensile stress values in abutment teeth of the ONLAY group were between 4.5 and 12.1 MPa, while those of inlay groups (O, MO, and MOD) were between 176.9 and 216.7 MPa. The compressive and tensile stress values of the ONLAY group were significantly lower than those of inlay groups (O, MO, MOD). However, magnitude tendencies of principal stress were similar to values of von Mises stress shown in Fig. 8  (Fig. 9) .
DISCUSSION
Masticatory loads in the posterior area are much higher than those in the anterior area of dentition. Among posterior teeth, maxillary premolars suffer the most from vertical fractures, leading to loss of dental element. 19 This is why we choose maxillary second premolar as an abutment tooth for inlay/onlay restoration in this study. Concentration of stress can be associated with various forms of clinical failures such as tooth fracture, rupture of cement seal, and fracture of restorative body. The primary goal of this study was to evaluate maximum stress values and stress distribution after occlusal loading in order to identify the possibility of failure under different restoration conditions. Conservation of healthy tooth structure is an important objective of restorative dentistry. However, from a mechanical point of view, protecting the remaining tooth structure from undesirable occlusal loading should be considered even if removal of additional dental tissue is necessary. Due to their unfavorable anatomical structure, maxillary premolars with extensive MOD cavities have a large risk of fracture if they are restored without obeying the principle of protection. 6 Tooth preparation designs proposed for posterior inlay restorations are based on GV Black's recommendations for cast metal and amalgam, resulting in considerable tooth structure removal, parallel opposing walls, and steep internal line angles. 20 The preparation design for an indirect restoration must satisfy a balance between preserving tooth structure and maximizing the strength of restoration. Removal of marginal ridges, increased depth and width of the inlay cavity, and increased preparation in proximal box formation are main reasons for decreased resistance to fracture.
St-Georges et al. 18 have reported that MOD preparations can weaken their abutment teeth by about 59% and concluded that bonded MOD inlay restorations cannot restore the original strength of teeth. However, others have reported conflicting results on the effect of inlay cavity.
3,5 Our FEA study results showed that the MOD group generated higher values of stresses to both inlay body and tooth structures than other groups (O, MO, ONLAY) when occlusal load was applied (Fig. 4, Fig. 8, Fig. 9 ). Mondelli et al. 9 have suspected that the reason for the high risk of fracture in class II inlay cavity might be wedge effect. It can produce additional horizontal stresses on cavity walls.
According to a clinical long term study 21 of IPS Empress inlays and onlays, cavity preparation mode (inlay vs. onlay) has no influence on the longevity of ceramic restorations over a clinical period of 12 years. However, other reports 10,11 have suggested that onlay design is more effective in protecting tooth structures than inlay design. In our study, onlay with complete occlusal coverage exhibited the most favorable pattern of stress distribution in abutment teeth. The ONLAY group reduced the value of maximum von Mises stresses drastically in the abutment tooth (26.1-26.8 MPa), which was 10 times smaller in value than inlay groups. In our current study, as the restorative material covered the functional cusp in the ONLAY group, forces were absorbed by the restorative material and partially transferred to the abutment tooth. On the contrary, in groups with inlay design (O, MO, MOD), all loads on the functional cusp were directly transferred to tooth structures. Onlay covered buccal and lingual cusps of the tooth, resulting in a good distribution of stresses in teeth along with reduced fracture risk of maxillary premolar tooth (Fig. 5, Fig. 6, Fig. 7 ). FEA calculations obtained in this study were consistent with those of Dejak et al. 10 that recommended ceramic onlay for wide inlay preparations in molars. Our results are also consistent with those of Yamanel et al. 11 that advocated onlay design for protecting tooth structures.
In our study, stress distribution patterns in abutment teeth were similar to each other among all inlay groups (O, MO, and MOD). There were high stress concentration areas at loading points near the lingual cusp tip, marginal ridges, and central fossa. The composite MOD group generated the highest von Mises stress (286.5 MPa), while the gold ONLAY group exhibited the lowest von Mises stress (248.0 MPa) in the restoration. The composite MOD group generated the highest von Mises stress (298.8 MPa) in the abutment tooth when occlusal load was applied. Consequently, mechanical failure is most likely to occur in composite resin with MOD inlay during masticatory cycle (Fig. 8, Fig. 9 ).
Mechanical defects can be manifested by fractures in the restoration itself and the tooth fractures. If the maximum stress generated by the occlusal force exceeds the range of yield stress of compressive, tensile, and von Mises that the material can withstand, fracture occurs due to permanent deformation. The von Mises stress is calculated by the square root of the sum of the squares of the principle stress values. The von Mises stress provide a realistic value for predicting fracture in almost all cases when considering compression or warping, especially for materials with ductility. The maximum principal stress is useful as a basis for fracture to brittle materials. 22 In this experiment, both principal stresses (compressive and tensile) and von Mises stresses were calculated and compared, but the tendency of results were similar regardless of the type of materials. Therefore, the results are mainly analyzed by the values of von Mises stress.
Although cast gold restoration remains the standard of care for inlays and onlays, tooth-colored restorative materials such as ceramic and filled polymer are acceptable at moderate level for long-term indirect restorative service. To date, several studies have been conducted to compare results and effects of various restorative materials for restoring inlay or onlay cavities. Based on a randomized clinical evaluation, Molin and Karlsson 23 have reported that 92% of the 60 ceramic inlays and 100% of the 20 gold inlays are satisfactory after 5 years. All patients with fractured inlays have exhibited moderate to severe occlusal wear, which could be a contributory factor to fracture. Restorative material is considered as a factor that can affect the biomechanics during occlusal loading. Ceramic restorative material tends to concentrate more stress inside the inlay, resulting in lower cusp deflection than the resin, while resin tends to transfer more stress to the tooth structure and promote lower fracture resistance than the ceramic. 8 Overall, the descending order of von Mises stress intensity in inlay/onlay restorations for each dental materials in our finite element stress analysis was as follows: composite resin > ceramic > gold alloy. This trend corresponds to the rank order of the elastic modulus used for each material, indicating that materials with lower elastic modulus can increase the stress observed in the restoration. If patient does not demand an aesthetic alternative, cast gold restoration is a reliable and effective treatment option. Interestingly, in contrast to cavity design for inlay and onlay, slight differences in maximum stresses were found for three different restorative materials in each experimental group (Fig. 4, Fig. 5, Fig. 6, Fig. 7) . Therefore, using a proper cavity design might be more important than using certain restorative material.
Resistance to breakage of restored teeth with inlay or onlay is very complicated. It is not possible to incorporate all variables found in the oral environment into computer simulation. 10 In this study, simplified three-dimensional models of maxillary second premolars with inlay/onlay were subjected to loading condition that might be generated in the last clenching stage of the chewing cycle. Stress concentration cannot predict failure pattern by a static computer simulation. However, higher von Mises stress concentration should be related to fracture of restoration or abutment tooth. In the oral cavity, complex and variable forces are applied to the teeth during function. Several limitations and weaknesses of computer simulation should be addressed in future studies. Furthermore, experimental and clinical validations are needed to draw firm conclusions.
CONCLUSION
Finite element stress analysis was performed in this study to determine the effect of inlay and onlay designs with various restorative materials on premolars under a masticatory force.
The highest value of von Mises stress was observed not only in the restoration but also in the enamel of the composite resin MOD group. Stress concentration areas were found at the loading site near the lingual cusp tip, marginal ridges, and central fossa. The stress distribution patterns in abutment teeth were similar to each other among all inlay groups.
Regarding the effect of restorative material, differences in maximum von Mises stress with the same cavity design were as small as 0.2% -5.8% and 1.1% -5.9% for restora-
